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ABSTRACT. JPL. missions currently bemg  designed  and  developed  are  counting on
increased spacecraft avtonomy 10 achicyve fow cost operations goals and to allow support of
flects of planctary spacecraft with Tomied Deep Space Network (DSN ) resources. This paper
presents four metries that quantitatively detine spacecralt autonomy and which will be used
at IPL o

. setmeasurable autononty gonils ler fuure nissions,

. cvaluate and compa re benefits hetwe i competing automation technology
candidates, and

“ compare aulonomy Acro SSssions

The four autonomy metrics measure the degree to which spacecr aft and mission designs
permit :

.donger periods of no-tiack

.shorter periods 01 track

. less communication between e bt amd ground
“ less total ops workfo ree

The results of” a survey applying thesanctiies to historicmissions (including Voyager,
Galileo, Ulysses, and T opex) and planncee futur ¢ missions (including New Millennium, Pluto
Fxpress, and Stardust) are charted, shovingrather starding differences between autonomy
achicved by missions thathave alicady flionen v auto nomy predictedby some missions  that
have yetto fly. Several orders of magnitude i tonomy increases are being projected.

1. INTRODUCTION: SPACECRAFT AUTOMATION VS, SPACECRAFT
ALTONOMY

There are many good, competing  ideas ol v hat sy wece raft avtomation “really” is. One
definition is that a spacccraft which ¢xccuts & a pre-planned  sequence without human
intervention has demonstrated autoiation A sccond definition is that spacecraft automation
extends  beyond  executing pre-progicnm cdsequences and includes the ability of the
spacecraft to react to wnplanned L'VLIN throw b event driven 1ules. A third definition of
spacecraft automation is thatthe spacecialtica (stounplannedeventsnot just by executing
pre-programnied 1111(X, but by on-hoard inte Higent agent software or inference engine
gencrated commands, again without huma e intcrvention,

Ancx ample of the first type of spacevialtvutanation we the two JPL Voyager spacccraft
both of which demonstrated the ability 1o execute pre-programned planetary fly by
sequences without ground intervention «111¢ Vovager spacecraft also demonstrated examples
of the second type of rule-based autornamion 1on-boardfaultprotection algorithms which
allowed both spacecraft to respond o w iplan s ed hardware faults by switching to backup,
redundant systems without the g round be nginvolved. The NASA New Millennium oo o




plans to fly on-board intelligent agent sofiware and denonstrate the third type of spacecraft
auntomation.

All of these examples of spacecraft amtoniation can be mission enhancing, or even mission
enabling. These automation examples tiay o0 may not result in lower operations and DSN
tracking costs. Sequences which the s/c can exceute without ground intervention may require
an cnormous ground workforee to plis, mode. imiplement, constraint cheek, simulate, uplink,
cte. and be much more expensive than w et of commands that we uplinked in a joystick
mode by a small ops staff. On-bowd fanit pro cetion rales that require large teams to analyze
and to 1ecover deterministic control of the spacectaft after they trigger, nay drive ops and
tracking costs up cnormously.  The opy wisffing costs to support  the programming,
performance  analysis, and trouble-shooting of oun-board inteligent agents, are not well
understood.,

The metries proposed in [his paper do toy an i consider DSN tracking and operations cost.
They are called autonomy meties and tiv 4o aefleet the degree 1( 1 which the ground can
“ignore” a spacecraftand leave iton s own. Spacecraft autonomy can be enhanced b?'
spacee raft desig ns which provide a vianc iy of attributes including flight me ugi ns, decouplec
(non-interact ive) subsystem behavior. nmommu 1 flight 1oles and constraints, and someti mes,
on- board automation.

2. FOUR PROPOSED SPACLECRART AUTONOMY METRICS

Below are functional definitions for tour wetrics that try and reflect the degree of spacecraft
auntonomy

SPACECRALIYT no trock doration no-track duration
CONTROLI, = . X
AUTONOMY workforee track duration

size of ey upli ik X o prepare

s/e uplink

SPACECRAIT no tre ko duration no-track duration
I© NGI NEERING - S X

ANAIL.YSIS workforee track duration
AUTONOMY size of eng down ink x - to analyze

eng downlink

SPACECRANYT no tia k duration no-track duration
SCIENCE : e X

ANALYSIS wuorkforee track duration
AUTONOMY Stze i sor @ ovnlikx 10 analyze

«¢1 downhnk

SPACECRAIT !

MARGIN e -
MANAGEMENT nuber of e s gins workforce required to
AUTONOMY & consorables X manage s/c marging &

managed on 2roond constmables



3. SPACECRAYXT CON'T ROL AUTONOMY

Spacecraft. Control Autonomy is associated with the duration that the s/e routinely  gocs
unattended, without commanding (and withont any ops contact o DSN tracking). Control
autonomy is inversely associated with the 1omber of conmmands that must be routinely
uplinked (when the s/c s tracked) and with the size of the ops workforee that it takes to plan,
prepare, and transmit the commands. 1t is scaled by the ratio of average no-track to track
duration, to discourage small increases i no-t ack duration which result in large increases in
track duration.

Spacecraft Control Autonomy can be nproved by designing a spacecraft or mission that
requires less frequent ground commianding. The netrie indicates that @ spacecraft that uses a
higher-order command  language  that acsulis in o smaller command  uplink, is more
autonomous. It indicates that a spacecraft that o designed in such a way as to require only a
small ops team workforce 10 provide commarad and control, has high autonomy. Finally, it
indicates that adding on-board comimesnd wutcamation that may increases no-track duration,
has to be weighed by iCs effect on ops worklonee, i Spacecratt Control Autonomy is to be
maximized.

Its worth mentioning that Spacec walt (Contrc t Autonomy  cari be arificially improved by
bookkeeping ground ops workforc ¢ donny plaring & command against sonic othertask. ‘1'0
discourage this, rules for uvsing these @ atone ny et ics require that the four workforce
estimates used in the four metrics. sum up totoral ops workforce. The vesult is that artificially
improving one autonomy mett 1 by fiddd e its workforce, will end up degrading one or
more of the other autonomy 11 1C11 ey

4. SPACECRAFT ENGINEERING ANALYSIS AUTONOMY

Space.cl;llit Engineering Analysis Autonorny s associated with the duration that th e sk
routinely goes unattended, without thc neer 1 for the groundto Collect and analyze
engineering data (and without wny ops (- ontactor DSN tracking ). Engincering analysis
autonomy is inversely associated with the non bher Of bits of cugineeting data that must be
routinely downlinked (when the </c s track ¢ and with the size of the ops workforee that it
takes 10 process and analyze the dataansd o whatever performance and tend models that
arc required for spa cecraft operation. This antmomy imetric is also scaled by the ratio of
average no-track 1o track duraticn. 1o dis courie ¢ smiadlmereases in no -t rack duration which
result in large increases in track duraton.

Spacecraft Engineering Analysis Autonomy cen be improved by designing a spacecraft or
mission that requires less frequent ground collection and analysis of spacecraft engineering
data. The metnce indicates that a spacecralt that uses on-board data monitoring and downlink
data compression or summarization that results i a smaller engineering downlink, is more
autonomous. It indicates that a spacecrafe thar i designed in such a way as to require only a
small ops team workforce o provide perfo mince analysis, has high autonomy. Finally, it
indicates that adding on-board data ynowioring  automation that may increases no-track
duration, has to be weighed by 1's effcei o0 ops workforce, if Spacecraft Engincering
Analysis Autonomy is to be maximized.

5. SPA CECRAYKT SCHNCE ANALYSIS AUTONOMY

Spacecraft Science Analysis Autononny s assoosted with the durationthatthe s/c routinely
goes unattended, without the  need  for the ground to collect and analyze science data (and
without any ops contact or DSN trac kg and miversely with the size of the ops workforce
required to capture, analyze, archive, and ctherwise deal with the science data downlinked. For
the of thiswymetric, science analvsis i defined loosely to nclude only  science
operational analysis, the analysis thatinust 1) completed routinely to support on-going
operational planning and scquence do sign




The above parameters above seenn duitively night to associate with  science analysis
autonomy. ‘The parameter that scems to cause the most discomfort in the four autonomy
metrics is that Spacecraft Science Analysis Au onomy is defined to be inversely proportional
to the amount of science data downlinked Thic s because the metrics are intended to address
autonomy, not scienee value. What this savs - that all things being equal, a spacecraft (and
instruments) that accomplishes the same seecen e goal by returning less science telemetry bits,
has demonstrated a higher degree of sutonoms . An example would be a mission that is sent
to an asteroid with the science goal of deternining the number of craters in different size
categories and does this by downlinkmg 1 onieds of images vs.a similar mission that does
on-board crater detection and size categonizanion and downlinks only one number for cach
size category - the number of craters in that category.

Like the first two autonomy metics, Science Analysis Autonomy s scaled by the ratio of
average no-track to track duration, w discour. pe small increases in no-track duration which
result in large increases in track duraion. Livewise, it is defmed so that adding on-board
science analysis automation that may incrcas no-tack duration and decrease science bits
downlinked, has to be weighed by its cifec on ops workforce if autonomy is to be
maximized.

0.

PACECRAYT N ARG N ~1ANA T~ N1 AUTONOMY

This metric addresses spaceeraft designs vwhich require a significant ops workforee to manage
on-board margins and consumable Fropelant, throster firings, tape across  the head,
mechanical recorder start-stop cycles, and | ey change-discharge cycles are all examples of
spacecraflt consumables that can 1equ sehicant planning, monitoring, modeling, and
bookkeeping, particularly if the desivn provides only minimal margins. Thermal, telecom,
and power are examples of spacectaft porto mance capabilitics that when designed  with
adequate margins, require little operational att-ution. bul when designed with minimum or
negative margins, can require signibeant oporasonal work aounds, This metric indicates that
spacecralt autonomy is inversely proportional o the number of margins and consumables
that must be routinely managed by the grovnd nd by the workforee that it takes to perform
this management.

7. SPACECRAE I AL ONOMY SURVEY

Figure 1 is a survey form used to collect aato oy parameters from a variety of missions
mcluding historic missions which 1eported their mission autonomy meltric parameter actuals,
and missions yet 1o fly, which reported the i prohcted mission autonomy metric parameters |
The autonomy parameters defined and entered on the data entry cohumn of the survey form
were used inthe formulas given at the bottor 1 of the survey  page to compute the four
autonomy metrics for cach mission snrvey e

8. SPACECRAET AU "ON( MY |

RVEY RES ']

Figure 2 shows the results of the survey, with project autonomy  parameter values as mnputs
and computed project autonomy mcties as oulpats. Figure 3 35 a graphic representation of
the computed autonomy metrics. Collecting this data is still work in progress. As of this date
(Tate June), Clementine and Cassinni Guat: 1em sins (o be collected. Tt is expected that by
conference time in September, the spreadshieets will be complete.

9. WHAT AUTONOMY N TR CS DON’ " MEASURIE- CA TEATS

The metries defined in this paper indicate @ et ¢ of spacecraft autonomy - “the  ability .o
undertake action or carry on without ontsidc m nitor or control”. High autonomy metrics




Figure 1: SPACECRAI1 AUTONOMY SURVEY FORM
‘reject Name:

‘reject Phase:
(choose 1 phase, e.g., "ciuvisc')

Jata Submitted By: Date: data to be entered

AUTONOMY PARAME “1 t 135

a .average no-track duration (hours)
b .average track duration(hours)

Cc ¢ average no-track, track cycle duration(hiours;
(should . a + b)

d e average amount of data uplinked pet day (bit::)
e ¢ average amount of engineering data cdownlinkddporiay (bits)
f . average amount of science data downlinkedpaonday(bits)

g . number of spacecraft margins & consumablestatinoty
managed by ground

h « workforce required for s/c uplink (FI E s)

i . wotkforce required for engineering pot{fotmancianal, sis (his)
j - workforce required for science analysis (FI1 )

k . workforce required for margin & consumablesniangjement (B ‘1 Es)
| . total operations workforce (F1 Es)

(these parameters assume that totalprojcciopsy. orkforce is
allocated between h, i, j, and k)

AUTONOMY ME“1RICS

S/C coN-I1 ROL Aul ONOMY &/GCSCI ANALYSIS AU-[ ONOMY ‘
(nt dur / uldata*ulwi)(nt dur /7 t dur) (ntdur/ s data” sa wl)(ntdur /7 t dur) |
or . (a/d’ t)(a/b) or = {a/f*] ){a/b)
S/CENG ANALYSIS AUTONOMY SK; MARGIN MNGMNT AUI ONOMY
(ntdur/ c! data*eawi)(nt dur / t dur) 1/ (# margins . mm wf)

_or: (aleri)(ar) . cor=dllgk)
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FIGURE 3:CHARTOISPACE CRAFT AU10ONOMY METRICS

S/C CONTROL AUTONOMY

- already  flown > - yet to be ficwn »
S0
lo” A
MG TPX UL Y VGR CAS MGS M98 N41  px suib |7
1 0\1 3 v . . o o " P -
| H v
10
107 '
3
10 I
16" % R
5 g
10
10° A
10’
1

10
10
10
10
10"

10

S/C SCIENCE ANALYSIS AU-I ONOM%

6/1 1/96

S/C E NGINEERING ANALYSIS AUTONOMY

- alreary fiown - >4 -- - yettobe flown ——»

o [ Lo ex ULY ViR CAS MGS M98 NM1 PX

S1 F S01
10 1

]

10™

$/C MARGIN MANAGEMENT AUTONOMY

- - already flown - - -9 o= yet to be ow - > 4 elready flown >« yet to be flown - g
‘()H
M OGHE TPX Uy VGR CAS MGS M98 NMI  FX <3t &l o an e
b
IO ] 1(1
\ NA J NG
1!
107
107
10
10"
g 10
S
PROJECT NAME
. STE . SIRTIE
ARBREVIATIONS E Y
Key: Ma Ms GLOB AL S’ IRVE YOR ST S1ARDUST
by Mo 8 “1PX=10PEX
CAS = CASSINI HMON W MILLENN UM 1) ULY = ULYSSES
CLM = CLEMENTINE W Lo xearss VGE = VOYAGE R



eflect a spacecrafC’s ability o operate for 1omg periods o f time with minimum ground
contact (tracking) - with asmall operations v orkforce, and with a small amount o f  data
Interchange between itself and the gronnd

1- Risk - missions willing totakcinore risk can genct ally improve then autonomy metrics by
reducing tracking, down staffing, andending nd recciving less data The autonomy metrics
do notmeasure risk.

2- Cost Effectiveness - ])I'OJ('('I\\ can spol d ig!\l]iﬁ('ﬂlll funds pre- ]lelllC]l, devel ()ping and
testing spacecraft autonomy. The suton iy etries (1o not indicate W hethier reduced ops
costs (duc to the autonomy) will offserhishicr development costs and resultin a net lifc-cycle
CosLsaving s.

3- The Value of Enginecring Data - over and ehove risk reduction, engineering data can have
intrinsic value, especially for missions with technology  evaluation goals. The autonomy
metrics indicate that the more enginceninye dota requited o be routinely  downlinked, the
lower the spacecraft autonomy. The antonomy etrics do not try and assess the “value” of
engincering data downlinked.

4- The Value of Science Data - the puipose of most NASA missionsis 1o go outinto space
and col lect science 10 formation Returime (1 information usually 1equires downlinking
science data. The autonomy ot ges indic ate that the more  science data required tobe
routinely downlinked, ¢ne lower the spacecraft sutonomy. The autonomy metrics do not «ry
and assess thie “value” of the science dans dov alinked.

5- Ground Automation - missions can ¢xploit ground automation to reduce ops workforce
and this results in an improved spacecralt suteaomy metric. The spacecraflt autonomy metrics

do not try and asses the degree of grovnd systom antomation.

6 - Mission Complexity - very simple mission s like probes, catvachieve significantly nign
levels o spacecraft automation. Projects i ecteral can nnprove spacectaft auvtonomy me.tries
by simplifying their mission desiegn. <1 he @ mtonomy meti ics  d o not try and asses the
complexity of mission design.

1 SUNMMARY

Four spacecraft autonomy metiic s hinv ¢ heenpr oposed that attempt to quantify the degree of
outside control required for a spaceciaftto periorm and meet its mission goals. The duration
the spacecraft can operate between tack <0 neam oung of data that mu st be excha nged
between the spacecraft and the ground, and the size of the operat ions workforce are some of
the pa rameters that influence the propos: d sutHhnomy metrics,

A variety of missions were survey cd and their autonomy  metries computed. Significant
differences (orders of magnitude) were disc oy red between the autonomy of missions which
have flown (autonomy actual ) v S0 inemissions which have yet 1o fly (autonomy  predicts).
These significant differences could be du s 1o 1w ProjeCinaiveté (notyet fully understanding
mission operational complexity), newproleet buy-mn (assuming optimistic tracking and ops
cost estimates to help sell the project), o utipateduse of highly cl'feet ive new spacecrafl
antomationtechnology. 11 is expected thit | hesavtonomy metrics will star t being used in the
future to set measurable autonon 1y goalsfor future p 1ojects, to compare benefits between
competing automati on technologies, and 1o develop an understanding  of the. relationship
between  a project’s  pre-launch  autonomy  performance  predicts and its  post-launch
autonomy performan ce actual s,
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